Cryomicroscopy of protoplasts isolated from nonacclimated (NA) rye leaves (Secak cereal L. cv Puma) revealed that the predominant form of injury following cooling to the minimum temperature for 50% survival (LT5s) (-5C) was expansion-induced lysis of the plasma membrane during warming and thawing of the suspending medium when the decreasing osmolality resulted in osmotic expansion of the protoplasts. When cooled to temperatures below the LT50, the predominant form of injury was loss of osmotic responsiveness following cooling so that the protoplasts were osmotically inactive during warming. Only a low incidence (<10%) of expansion-induced lysis was observed in protoplasts isolated from acclimated (ACC) leaves, and the predominant form of injury following cooling to the LT50 (-25°C) was loss of osmotic responsiveness. The tolerable surface area increment (TSAI) which resulted in lysis of 50% of a population (TSAI5.) of NA protoplasts osmotically expanded from isotonic solutions was 1122 ± 172 square micrometers. Similar values were obtained when the protoplasts were osmotically expanded from hypertonic solutions. The TSAI determined from cryomicroscopic measurements of individual NA protoplasts was similar to the TSAI5, values obtained from osmotic manipulation. The TSAIso of ACC protoplasts expanded from isotonic solutions (2145 ± 235 square micrometers) was approximately double that of NA protoplasts and increased following osmotic contraction. Osmotic contractions were readily reversible upon return to isotonic solutions. During freeze-induced dehydration, endocytotic vesicles formed in NA protoplasts whereas exocytotic extrusions formed on the surface of ACC protoplasts. During osmotic expansion following thawing of the suspending medium, the endocytotic vesicles remained in the cytoplasm of NA protoplasts and the protoplasts lysed before their original volume and surface area were regained. In contrast, the exocytotic extrusions were drawn back into the surface of ACC protoplasts as the protoplasts regained their original volume and surface area.
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One form offreeze-thaw injury to isolated protoplasts is termed expansion-induced lysis (19, 20, 22) . Following osmotically induced contraction, the plasma membrane lyses upon reexpansion before the original surface area is regained. Levitt and Scarth (7, 9) were among the first to note plasmolysis and deplasmolysis may result in lysis of the plasma membrane, and they referred to this form of injury as 'deplasmolysis injury'. They observed that protoplasts of intact cells lysed during expansion following osmotically induced contraction. The Wiest and Steponkus (22) quantified this type of injury in protoplasts isolated from nonacclimated tissues. They determined that lysis is a function of surface area changes of the plasma membrane. The expansion potential of isolated protoplasts is characterized by a TSAI2 that is independent of the extent of contraction (20) . For a population of protoplasts, the absolute magnitude of the increase in surface area that results in lysis of 50% of the population is denoted as the TSAI1o. On the basis of the TSAI5o and the characteristic Boyle-van't Hoff behavior ofa population ofspinach protoplasts, it has been inferred that expansion-induced lysis quantitatively accounts for freezethaw injury to these protoplasts cooled to the LT5o (22) . Preliminary work indicates that the TSAI50 increases during cold acclimation, and it has been inferred that injury in cold acclimated protoplasts is not due to expansion-induced lysis (18) .
Determination of the plasma membrane SSR by micropipette aspiration has provided insight into the mechanical properties of the plasma membrane that are responsible for expansion-induced lysis of nonacclimated protoplasts (23) (24) (25) . Determination ofthe area modulus of elasticity and the tension at which lysis occurs indicates that purely elastic expansion can only account for a 2 to 3% area change. Thus, it has been proposed that during osmotic contraction and expansion membrane material is deleted from or incorporated into the plane of the plasma membrane. Because no differences are observed in the elastic properties of nonacclimated and acclimated protoplasts (1) , an increase in the TSAI50 following cold acclimation must result from other differences in the behavior of the plasma membrane during osmotic contraction/expansion.
Cryomicroscopy was used in the present study to determine the incidence of expansion-induced lysis with respect to survival of nonacclimated and acclimated protoplasts during a freezethaw cycle and to determine the surface area increment at which individual nonacclimated protoplasts lysed. In addition, high resolution cryomicroscopy was used to contrast the behavior of the plasma membrane of nonacclimated and acclimated protoplasts during freeze-thaw induced osmotic contraction and expansion. Finally, the TSAI50 of nonacclimated and acclimated protoplasts was quantified by osmotic manipulation. Behavior ofthe plasma membrane during freezing and thawing was observed using high resolution video cryomicroscopy. Differential interference contrast (DIC) optics were employed on a Nikon Biophot microscope (Ehrenreich Photo-Optical Inc., Garden City, NJ). The resultant image was further improved using video image enhancement. This was achieved using a high resolutio video camera (Hamamatsu, C-1000-01) interfaced to a video image array processor (model IP 6424VO, DeAnza Systems, San Jose, CA) and displayed on a high resolution monitor.
MATERIALS AND METHODS
Image enhancement was accomplished using the image processor. Video images were digitized into a 512 x 512 array of picture elements (pixels) with 8 bits of gray level resolution and stored into microprocessor memory (LSI 11/23) and eventually onto magnetic tape. The configuration and capabilities of the image processing system have been described in detail (17) . Image processing consisted of edge enhancement as membrane boundaries were of interest. Edge enhancement was accomplished using a linear digital filter which emphasizes changes in image gray level. The effect of edge enhancement is manifested as sharper changes in gray level across a given line scan. It should be noted that the apparent topography which results from the use of the edge enhancement algorithm represents changes in gray scale of the original video image. Photographs were taken directly from the monitor using a 35-mm camera with Kodak Plus-X film. RESULTS Protoplast Survival. Survival of nonacclimated protoplasts cooled at 2.5°C/h in a low temperature bath decreased at relatively warm subzero temperatures. At temperatures between -2 and -10°C, survival decreased from 75 to 17% (Fig. 1) . The LT5-, of nonacclimated protoplasts was -5°C. In contrast, acclimated protoplasts under the same conditions survived to much lower temperatures: 90% survival was observed at -5°C with a sharp drop in survival only occurring below -20°C. The LT50 for acclimated protoplasts was -25°C.
Incidence of Cellular Lesions. Cryomicroscopy was used to directly determine the incidence of injury as a function of temperature in individual protoplasts. Cryomicroscopic determinations of total survival (osmotically active behavior) of both nonacclimated ( Fig. 2a) and acclimated ( Fig. 2b ) protoplasts quantitatively agreed with survival of protoplast populations frozen in bulk in an alcohol-water bath (Fig. 1) . Thus, total protoplast survival was similar in spite of the different cooling rates used and differences in geometries of cryomicroscope stage and the vials used for bulk freezing.
Two distinct forms of injury, manifested as disruption of the plasma membrane, were observed upon thawing. In both cases, the protoplasts dehydrated during cooling and freezing of the extracellular solution and achieved an equilibrium volume de- termined by the minimum temperature imposed (see 3). One lesion, expansion-induced lysis, occurred during protoplast expansion following thawing ofthe suspending medium. Volumetric expansion was accompanied by surface area expansion, but protoplast lysis occurred before the initial surface area was reestablished. The second lesion, loss of osmotic responsiveness, occurred while protoplasts were in the contracted state at the minimum temperature and the protoplasts failed to expand during warming. Upon thawing of the suspending medium, the plasma membrane was no longer visibly intact. Expansion-induced lysis was the predominant form ofinjury to nonacclimated protoplasts cooled to their LT50 (-5°C) (Fig. 2a) . At -2.5°C, this lesion was the only form of injury observed. When cooled to temperatures below the LT50, loss of osmotic responsiveness was the predominant form of injury. For acclimated protoplasts, the incidence of expansion-induced lysis was <10% at all subzero temperatures, and loss of osmotic responsiveness was the predominant form of injury at the LT,0 (-25°C) (Fig. 2b) .
The TSAI measured for individual nonacclimated protoplasts during freezing and thawing was a function of the initial size of the protoplasts (Fig. 3) . The TSAI increased proportionally with increasing initial surface area. Regression analysis indicated a linear relationship approximates the proportionality between the initial surface area and the TSAI (P 2 0.01). Based on this regression, the fractional TSAI expressed as a function of the initial surface area, was approximately 0.25. A population of nonacclimated protoplasts in isotonic solution have an average surface area of 3288 ± 60 ;&m2 as determined from the Boylevan't Hoff relationship. The TSAI inferred for a protoplast with this area prior to freezing was 854 ± 313 ;&m2. This is comparable to the TSAI50 determined from osmotic manipulation at 0°C (1088 ± 236 um2) (see below).
High Resolution Cryomicroscopy. The behavior of nonacclimated protoplasts during a freeze-thaw cycle, specifically with regard to expansion-induced lysis, is illustrated in Figure 4 . During cooling, the protoplast contracted in response to the decreased chemical potential of the partially frozen extracellular solution (Fig. 4, a-d suspending medium, the protoplast expanded osmotically (Fig.  4, e and f) . However, lysis occurred before the original volume and surface area were regained (Fig. 4, g and h) .
Image edge enhancement emphasized the smooth surface texture of the plasma membrane during extracellular ice formation and the concomitant contraction of the protoplast (Fg. 5, a-d) Vesicles appeared in the interior of the contracted protoplast although they were not particularly conspicuous at this magnifi- cation, (Fig. 5 c and d) . The outline of the protoplast remained smooth during osmotic expansion (Fig. 5 , e and f) until lysis occurred (Fig. 5, g and h) .
The appearance of vesicular material in the interior of nonacclimated protoplasts during cooling was difficult to discern at low magnifications (Fig. 5, c and d) . Therefore, high resolution cryomicroscopy of nonacclimated protoplasts was used to better visualize the cellular contents. Following equilibration at -3°C,~1 clusters of vesicles appeared inside the protoplasts (Fig. 6, a-d) Computer enhancement of these images emphasized vesicle outlines (Fig. 6, e-h ). The more subtle gray-scale changes of the chloroplasts and other organelles were diffused using the image manipulation, thus minimizing their interference of the image.
Vesicular material remained in the interior of nonacclimated protoplasts during expansion. This was best visualized when the expansion of the protoplasts was limited to prevent lysis (Fig. 7) . (Fig. 7a) . Edge enhancement allowed for detection of vesicle boundaries under these conditions (Fig. 7e) . Upon thawing of the suspending medium and subsequent expansion of the protoplast, image quality improved and cytoplasmic vesicles were easily observed (Fig. 7, b-d and f-h ). Vesicles were most prominent when large cross-sectional areas of cytoplasm were viewed. This is illustrated in Figure 7 , c and g, where the focal plane is through the upper portion of the protoplast. Focusing through 116DOWGERT AND STEPONKUS the median plane of the protoplast revealed fewer vesicles although some were still seen (Fig. 7, d and h) .
In contrast to nonacclimated protoplasts (Figs. 4 and 5) , the surface texture of acclimated protoplasts did not remain smooth during freeze-induced contraction (Fig. 8, a-e) . Instead, numerous small extrusions formed on the surface of the protoplasts.
i" " ' ". '.,? ' a~~s P During thawing of the suspending medium and concomitant expansion (Fig. 8, f- (Fig. 9a) . Upon freeze-induced contraction, exocytotic extrusions formed. The frequency and length of the extrusions increased with the extent of contraction (Fig. 9, a-e) . The edge-enhanced images emphasize that, upon expansion (Fig.  9, f-h) , the extrusions were reincorporated into the plane of the membrane as the protoplast approached its initial surface area and volume. Following volumetric expansion, the surface of the plasma membrane was smooth.
Quantification of the TSAIjo Using Osmotic Manipulation.
The survival of a population of nonacclimated protoplasts de-1147 (Table I) . Little decrease in survival was observed in acclimated protoplasts equilibrated in hypertonic solutions and returned to isotonic conditions. Even when equilibrated in a 3.00 osm solution, 79% of the population survived return to isotonic conditions. The survival of a population of nonacclimated protoplasts following osmotic contraction and expansion is best described as a function of the surface area changes that occur during volumetric contraction/expansion (22 
PLASMA MEMBRANE BEHAVIOR OF ISOLATED PROTOPLASTS
,Om2 (Table I) . Similar values were obtained if the protoplasts were first osmotically contracted and subsequently reexpanded. Thus, the survival curves for expansion from the hypertonic solutions were approximately parallel to the survival curve for expansion from an isotonic solution (Fig. 1Oa) . Considering the survival curves collectively, a TSA150 of 1088 ± 235 '4m2 was inferred for the population of nonacclimated protoplasts. The TSA150 of acclimated protoplasts expanded from isotonic solutions was 2145 ± 235 /Am2. For acclimated protoplasts that were initially contracted, the apparent TSA15o increased when expansion was initiated from the more hypertonic solutions. For example, for protoplasts osmotically expanded from a 3.00 osm solution, a TSAIso of 2989 ± 183 Am2 was inferred. However, the TSAI50 inferred for previously contracted acclimated protoplasts can only be considered as an apparent value due to the formation of exocytotic extrusions and the conservation of surface area. Nevertheless, when expanded from hypertonic solutions, the survival of acclimated protoplasts was >80% until the protoplasts were expanded beyond the isotonic surface area. Lysis of 50% of the population occurred at approximately the same surface area (4800-5500 IAm2) whether acclimated protoplasts were expanded from isotonic solutions or were first osmotically contracted. Thus, the survival curves for acclimated protoplasts expanded from hypertonic solutions were coincident with the survival curves for expansion from isotonic solutions (Fig. 10b) (14) . In this study, cryomicroscopic observations revealed that freeze-induced dehydration of isolated protoplasts resulted in two distinctly different forms of injury: expansion-induced lysis and loss of osmotic responsiveness. The incidence of each form of injury was dependent on the minimum temperature attained and the hardiness of the tissue from which the protoplasts were isolated.
Although the incidence of the loss of osmotic responsiveness in nonacclimated protoplasts progressively increased with decreasing subzero temperatures, expansion-induced lysis was the predominant form of injury at the LT50 (-5°C) (Fig. 2a) . In contrast, expansion-induced lysis occurred at a low frequency in acclimated protoplasts cooled to any temperature. Instead, loss of osmotic responsiveness was the predominant form of injury in acclimated protoplasts cooled to the LT50 (-25°C) (Fig. 2b) . These results are consistent with the suggestion that between the time cells first encounter extracellular ice nucleation and the time they are returned to post-thaw conditions, they encounter a sequence of potentially lethal stresses which may result in distinctly different manifestations of injury (12, 13, 16) . Among these stresses are the mechanical stresses incurred by the plasma membrane during osmotic contraction and expansion and chemical stresses due to solute concentration and dehydration (14) .
The volume of isolated protoplasts decreases as an inverse function of the subzero temperature, whereas solute concentration increases linearly. On the basis of relative changes in intensity, changes in cell volume and concomitant changes in surface area approach maximum intensity at relatively warm subzero temperatures-before increased solute concentrations achieve appreciably high levels. Therefore, it has been suggested that the mechanical stresses incurred by the plasma membrane during osmotic contraction/expansion are the first potentially lethal stress barriers encountered during a freeze-thaw cycle (21 (23) . Subsequently, a description of the behavior of the plasma membrane of nonacclimated protoplasts during an osmotic contraction/expansion cycle was proposed (24, 25) . Upon exposure to a hypertonic solution, volumetric contraction results in the relaxation of tension in the plasma membrane. At zero tension, membrane material is subduced into an extrinsic reservoir until the protoplast regains sphericity and a small resting tension. When the protoplast is returned to isotonic conditions, volumetric expansion stretches the plasma membrane elastically and creates a large tension. The increase in tension induces the incorporation of extrinsic membrane material into the plasma membrane. If, however, the rate of incorporation into the plasma membrane or the extent of material is limited, membrane tension will reach a critical level (4-6 milliNewtons m-') and lysis will occur.
The cryomicroscopic observations presented herein support the suggestion that freeze-induced contraction of nonacclimated protoplasts results in deletion of material from the plasma membrane. Numerous vesicles were observed in the cytoplasm of nonacclimated protoplasts (Figs. 4-7) . Further studies presented in a report by Gordon-Kamm and Steponkus (4) (Table I ). This value is considerably greater than that which is attributable solely to elastic expansion. When nonacclimated protoplasts were osmotically expanded from hypertonic solutions, the survival curves paralleled that observed for expansion from isotonic solutions and the TSAI50 values inferred were similar regardless of the extent of contraction. Thus, we conclude that material deleted into cytoplasmic vesicles is not readily available for reincorporation into the plasma membrane during subsequent expansion. This conclusion is consistent with the observation that the cytoplasmic vesicles remained in the cytoplasm during osmotic expansion (Fig. 7) . Thus, the flow of membrane material during osmotic expansion of nonacclimated protoplasts is not merely a reversal of the pathway for deletion.
Although the TSAIso values inferred from osmotic manipulation of a population of nonacclimated protoplasts were similar regardless of the extent of prior osmotic contraction (22; Fig. IOa), the TSAI of individual protoplasts varied with the initial protoplast size (Fig. 3) . The lysis is a consequence of exceeding critical tensions (4-6 milliNewtons.m-') in the plasma membrane (18) . The tension in the membrane during area expansion, in part, is dependent on the rate of the membrane incorporation relative to the rate of volumetric expansion (21 (Fig. 3 ) and the TSAI" (1088 ± 236 um2) determined from osmotic manipulation of protoplast populations (Fig. IOa) .
The The low incidence of expansion-induced lysis in acclimated protoplasts during a freeze-thaw cycle was associated with the reversible formation of exocytotic extrusions during contraction (Figs. 8 and 9 ). Electron microscopy reveals that the extrusions are bounded by the plasma membrane and contain a core of electron-dense material which is most likely composed of lipids deleted from the plasma membrane (5). This form of membrane deletion is readily reversible as the protoplast surface becomes smooth during subsequent osmotic expansion, and acclimated protoplasts survive osmotic expansion from hypertonic solutions (TableI). For acclimated protoplasts osmotically expanded from hypertonic solutions (Fig. lOb) , survival decreased only slightly (<20%) upon return to isotonic conditions. Upon expansion to areas greater than the isotonic surface area, the survival curve coincided with that of the acclimated protoplasts expanded from isotonic solutions. Thus, the apparent TSAI50 of acclimated protoplasts depends on the extent of contraction. We acknowledge that the TSAI50 inferred for acclimated protoplasts expanded from hypertonic solutions is only an apparent value because a portion of the membrane area is conserved due to the formation of membrane bound exocytotic extrusions (Figs. 8   and 9 ). However, there is a significant amount of membrane deletion occurring due to the deletion of lipid material into the core ofthe extrusions(S). As such, the lipid core ofthe extrusions represents an extrinsic reservoir of deleted membrane material which is readily accessible during osmotic expansion because the extrusions are largely absent in reexpanded protoplasts.
Although differences in the behavior of the plasma membrane account for differential sensitivity of nonacclimated and acclimated protoplasts to osmotic contraction and expansion, the manner by which cold acclimation alters the behavior is not yet known. Most likely, changes in membrane composition are responsible for the differences in membrane behavior. Although there have been numerous studies of changes in bulk membrane composition following cold acclimation (6, 10, 11), compositional analyses of the plasma membrane per se are required before these changes can be accurately assessed. The documentation of functional differences in the behavior of the plasma membrane following cold acclimation (endocytotic vesiculation versus exocytotic extrusion) provides a focal point for considering differences in membrane composition.
Finally, the differences in the behavior of the plasma membrane during freeze-induced osmotic contraction should not be viewed solely in regard to expansion-induced lysis. For example, a major distinction between nonacclimated and acclimated protoplasts is the temperature at which intracellular ice formation occurs during rapid cooling (3). The median nucleation temperatures for intracellular ice formation in nonacclimated and acclimated protoplasts suspended in CaCl2 + NaCl are -15 and -42°C, respectively. Because intracellular ice formation is due to seeding of the intracellular solution by extracellular ice, the difference in the median temperatures reflects differences in the efficacy of the-plasma membrane in serving as a barrier to extracellular ice. Cryomicroscopic observations reveal that mechanical failure of the plasma membrane precedes intracellular ice formation (15) . Thus, intracellular ice formation is a consequence of membrane disruption. Considering that endocytotic vesiculation requires breakage and subsequent resealing (fusion) of the plasma membrane, the plasma membrane of nonacclimated protoplasts is predisposed to mechanical failure. In con- 
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